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ABSTRACT 

'  *  iirge  bod/  of  *«p*rta*nt*1  r*»u1t»,  which  »*re  obtained  In  Bore  then  40  wind  tunneH  on  e  tingle, 
well-mown  two-diaentionei  conf iguretlon,  he*  been  erltteeTiy  *«*ain#d  end  correlated.  An  attestaent  of 
tow  of  tno  point) it  icvrce*  of  error  he*  been  eede  for  eech  facility,  end  dote  which  ere  tutpeet  hove 
been  identified.  It  we*  fo uid  tnet  no  *1ng1*  etperlaent  provtdad  e  collet*  *et  of  relieble  dete, 

*1  though  on  inve»t Ijetion  tlendi  out  I*  lupnrlor  in  aeny  retpeett.  Hxever,  frea  the  aggregate  of  dete 
the  representative  propertlei  of  the  NACA  0012  elrfoll  cen  be  identified  with  reetonebTe  confidence  over 
Wide  ren$* i  of  Mech  mMf,  Reynold*  ntabar,  end  angle*  of  etteck.  Thl*  *ynthe*1i*d  Inforaetlon  cen  now 
d*  uttd  to  eitet*  end  velldete  *»l*tlng  or  future  wind  tunnel  retultt  end  to  eveluete  edvenced  Computa- 
tionel  fluid  Oyneielci  code*. 


I.  INTRODUCTION 

Relieble  deterainetion  end  ettetiieent  of  the  eccureey  of  eerodyneoic  dete  genereted  in  wind  tunnel* 
rt«e in*  on*  of  the  aott  «*>ing  probiew*  m  eeroneulict.  Aerodynenlc  retultt  ere  teidon  dupiiceled  in 
different  fecHltlet  to  t.e  level  o'  eccureey  tnet  It  retired  either  for  rltk-fr*t  engineering  develop¬ 
ment  or  for  tn*  true  verification  of  theoretic*!  end  nuaerlcel  aethodi.  Thlt  thortcoalng  1*  pertlculerly 
ecute  wHn  r*g*rd  to  today  t  repio  prol iferetlon  of  new  Coaputet lonel  fluid  Dyneaic  (CFO)  code*  thet  leek 
idtouete  vet  idet<or.  ill. 

On  tn*  other  nend,  the  NACA  0012  profile  it  one  Of  the  Oioeit  end  certelnly  the  ao*t  tetted  of  ell 
*irfoil*;  end  it  ne*  oeen  tiudied  in  'Men*  of  leperetw  *1 M  tunnel*  over  e  period  of  aore  then  50  yeer*. 
Although  no  i.ngi*  hlgn-qdsHty  *«per‘a*nt  toent  the  Ciawlet*  tubionlc  end  tr*n»onlc  r*ng*  of  fix  condi¬ 
tion*,  is*  ca»bined  retultt  of  thl*  attentive  totting  thou Id  ellx  nee  eonclutloni  to  be  drewn  ebxt 
wind-tunnel  dete  eccureey  end  reliebilHy,  et  leett  for  two-dlae*. inn*l  (2-0)  totting.  Thlt  peper 
eltewtt  to  eitrect  et  aue"  uiefut,  quentltetlve  Information  «t  pottlble  froa  crltlcel  tvealnetlo't  end 
iorr#l *t Ion*  Of  e.tulng  dele  froa  thl*  tingle,  well-known  eonf lgur*t1»n.  obtelned  In  over  40  wine  i unneli 
end  over  wine  r*nget  of  Meen  nuaber,  Reynold*  ftiaoer,  end  englet  of  *tt*;k, 

A  preiiainery  coapenten  by  the  Author  121  in  1912  of  retultt  froa  about  t  doion  widely-quoted  invet- 
Ligeti  one  for  tn#  naca  0012  elrfoll  r*v**l*d  ngnificent  end  unacceptable  difference*  between  wind 
lunn*l*.  end  tuptnouem  *i«i1n*t1on*  of  aor*  del*  let*  a*r*Ty  co^ounded  the  confutlon,  **  Indlceted  In 
ngt.  end  2.  Therefore,  *  aejsr  pert  of  tn*  pretent  Invettlgetlon  we*  *l>r  ^evelopaent  of  e  filtering 
proceu  for  ttreenlng  the  *v*t!*pl*  ottl  end  clett'fylng  tho  aeperiaar.Ul  toured*  Into  broed  categoric*  of 
ediaeted  r*n*oiiity.  tm*  proceu  i*  oetcribed  m  tn*  neit  ter.tion.  Dot*. led  coaperiton*.  corr*i*. 
nor*,  end  uncerteinty  eUleeie*  ere  di*cu***d  m  tubtequent  tectlonp,  where  the  the  following  retultt  ere 
to"* ideredi 

1.  Lift-curve  tlop*  vertu*  M*ch  end  Reynold*  nuaber 

2.  MtniiWj*  drey  . *r* ut  aech  end  Reynold*  ruaber 

).  MeiieeiM  I  fl-to-ureg  ratio  vertu*  Mech  *f*l  Reynold*  nuaber 

s.  He«ie*ji  ' If i  vfr..j  need  and  Reyno'dt  "under 

5  Sr'nt-v.ev*  potUinn  veriut  Reynold*  nuaoer  et  M  •  0.8 

a*  tm*  1 1*1  inneutt,  the  preieni  ttudy  deel*  aoitly  with  the  inttgrel  quern,;  ;>,  lift  end  dreg, 
Oeipiit  the  lerg*  fwaber  »f  reference*  eveilebl*  on  thl*  aoit  popuier  of  ell  elrfoll*,  U  we*  found  thet 
tner*  i*  tntuff icier, t  pvertip  in  tn#  *«p#ria*n'.*  to  aei*  aeny  aemingful,  direct  coaperitont  of  wore 
del,  ..d  quentHiet,  iuen  t*  yrettur*  diftrtbutlon*.  tn  the  tr*n*onlc  regia*.  It  1*  ecknowledged  thet 
ptltninq  aweent  1*  *l»o  e  tent ‘live  Integrel  periaeter  thet  dl*pl*yl  lnt*r**tlng  trtntonlc  behevlor,  but 
C,,  M  not  COMldired  In  thl*  peper 

II  1  H(  flllteiNC  AND  ANALVIS  rAGCC 

Tm  "*i«  objective  o'  ’.nit  *»f.ior  t  to  coabln*  th*  critic*',  r*l*v*nt  inforaeticf.  t'-t  1*  eveilebl* 
yn  ei.fo'1  letting  end  t,n  elrfoll  -erodyneau  behevlor  Into  *  tytteae!  >c  tcretnlng,  or  ■filtering, *  pre- 
re*,  '"*•  ten  ••  ':*rd  ip  eitet;  th*  qj;i:'y  of  indWldu*'  ti«p*rlarnl*i  tourcet  of  d*t*.  Th't  rrocill  will 
then  be  Ui*d  to  ciettify  eetn  dete  tet  nvJ  to  weigh  th*  eccureey  of  thoi*  dete  egeinu  tn*  quentltetlve  or 
qualitative  Infnraetion  lh*t  they  C*n  provide  about  the  **rodyn*alc  Ch*r«ct#rl*t 1C*  Of  th*  MCA  0012 
d  I  r  f  i j !  I . 


•bretented  el  the  *6AR0  fluid  Uynaeit*  Pen*!  Symotlu*  on  "Aerodyneatc  Dete  Accurecy  mo  (Xiellty: 
l*.-q,, lr**,#Mtt  end  Cepef, i  Ml  l»t  in  wind  Tunnel  letting,*  N»pl*t,  Italy.  2B  S*pt**>#r-J  October  1907. 
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Fly.  I.  l.ift-curv*  slop*  at  taro  lift  vs.  Reynolds  numb*:  oil  data,  M  «  O.SS.  legend  explained  in 

Tablst  1-4,  «  •  /l  -  M* 
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The  critical  Information  used  in  the  development  of  the  process  is  derived  from  four  broad  categor¬ 
ies,  as  follows: 

1.  A  very  large  collection  of  wind-tunnel  data  for  the  HACA  (W12  which  var'es  widely  for  many 
possible  reasons. 

2.  A  modest  collection  of  “facts,"  i.e., 

a.  well-established  theories  and  similarity  laws 

b.  generally-accepted  empirical  laws 

c.  recent  advances  in  Identifying,  analyzing,  and  correcting  for  wind-tunnel  wall  effects. 

3.  A  f  uzjy  collection  of  "folklore”  about  airfoil  behavior,  test  techniques,  ana  wind-tunnel 
characteristics. 

a.  Recent  CFO  results  for  a  few  standard  airfoil  cases  in  both  simulated  free-air  conditions  and 
combined  alrfoil/wlnd-tunne'  installations. 

This  aggregate  of  Information  firmly  establishes  some  l^ortant  sources  of  wind-tunnel  errors  and 
certain  properties  of  airfoils  such  as  the  NACA  0012.  This  knowledge  can  be  summarized  as  follows: 
first,  all  four  wind-tunnel  walls  generally  Interfere  with  the  flow  around  the  airfoil,  and  this  phenome¬ 
non  is  generally  more  acute  than  for  thi  ee -dimensional  (3-0)  bodies.  The  top  and  bottom  wal's  particu¬ 
larly  affect  the  effective  angle  of  attack,  tne  shape  of  the  pressure  distribution  (and  hence  pitching, 
moment  coefficient),  and  the  shock-wave  location,  and  to  a  lesser  e«tent,  lift,  drag,  and  effective  mach 
number.  Solid  walls  Increase  the  effective  a  and  Mach  number,  but  these  effects  are  considered  to  be 
easily  correctable,  at  least  In  subsonic  and  mildly  transonic  flc-s.  Slotted  or  porous  walls  lower  the 
effective  t»;  attenps  are  often  made  to  correct  for  this,  but  It  If  difficult. 

Second,  side-wall  boundary  layers  have  been  shown  to  lower  C.,  Ca,  and  the  effective  M,  and  to  mova 
tno  snock  forward.  Flow  separation  at  the  airfoil-wall  juncture  affects  the  shock  location  and  r*ductt 

C,  .  lie  effects  can  be  reduced  substantially  by  the  application  of  suction  on  the  side  walls,  and 
•max 

corrections  can  be  epplled  if  there  Is  no  separation  In  the  corneri. 

Third,  free-stream  turbulence  and  boundary- layer  trips  Increase  and  often  affact  Ct,  C„.  and 
snock  location,  many  airfoils,  Including  tne  NACA  0012,  may  ba  particularly  sensitive  U>  R»,nu'id»  cut  bar 
variations  ir  no  trip  is  used;  nowever,  extreme  cere  must  be  exercised  in  tripping  the  boundary  layer  to 
avoid  causing  excessive  drag  increments  and  erroneous  changes  in  C,  snd  shock  position.  Tne  affects  of 
both  trips  and  turoulence  are  difficult  to  quantify. 


Concerning  atrfo'1  behavior,  two  important  "facts"  have  been  established  about  the  behavior  of  lift 
and  drag  In  subsonic  flow  at  small  angles  of  attack.  At  high  Reynolds  numbers,  both  Cd  At  zero  lift  and 
the  quantity  vTT7ct  are  independent  of  M  end  ere  only  weakly  dependent  upon  R«,  Unfortunately, 
most  other  aspects  of  el^fcli  char*cterlstlcs  ere  not  as  finely  established,  and  even  these  two  quantities 
jre  not  well  defined  in  transonic  flow,  however,  measurements  of  genera'  trends  end  qualitative  behavior 
are  generally  accepted,  even  if  the  absolute  velues  of  C,,  Cd,  and  C„,  for  example,  ire  uncertim, 


To  improve  on  this  situation,  the  following  filtering  or  screening  process  1>  proposed,  first,  ill 
attempt  will  be  made  to  identify  the  hlghest-qui'Hy  experiments  In  wftlcn  the  Aforementioned  wind-tunnel 
problems  were  carefully  controlled,  corrected  f or.  or  othervlse  ameliorated.  Second,  the  results  of  these 


tests  win  be  uSwd  to  estebi  Uh  th»  quentitetive,  "fictuel,"  oenavtor  of  tne  criticsi  perimeters 
?Ct  ,  where  r  ■  V 1  -  m?,  as  functions  of  Re  In  the  subsonic  regime  where  they  ere  essentially 


ana 


independent  of  m.  Thu  information  comprlsas  the  filters  that  art  necessary,  although  not  luff  ic  lent . 
screening  crifris  for  Judging  the  credibility  of  the  remaining  dele.  Third,  these  filter*  will  be  used 
to  neip  identify  obviously  erroneous  aspects  of  ell  the  date  sets  end  to  classify  each  experiment  accord- 
mgiy.  fourth,  an  the  data  win  be  critically  examined  gut  Hoe  tr>*  rang*  of  N«eh  end  Reynolds  nuaber* 
for  which  the  filters  were  developed,  finsiiy,  a  subjactive  extension  of  the  fourth  step  will  be  midi. 

The  "folklore"  correlations  and  other  Information  referred  to  ibov*.  end  established  trinsonlc  slmllerlty 
laws,  win  be  used  to  combine  selected  HACA  001?  snd  other  elrfoll  date  in  order  to  estimate  the  transonic 
properties  of  the  HACA  0012  over  a  range  of  Mach  numbers,  0,85  «  M  «  J.l,  for  which  vtrtusHy  no  reliable 
data  exist. 


B.  App  1 1 C at  ion  of  me  RmceSS 

Tab'e  I  lists  *nd  summarizes  me  experiments  which  clearly  slend  out  el  having  bten  (onducted  with 
'.he  Utmost  care  and/or  as  most  nearly  eliminating  tne  Important  sources  Of  wind  tunnel  errors.  IhfSt 
sources  are  referred  to  throughout  this  paper  as  Croup  1.  It  will  he  rwltd  from  Table  I  that,  unfortu- 

1  j,  0* '  y  o*  Infn  the  r#>an«Ant^  ranine  an/ 1  that  *  ha  t  nrhu '*flr  a 

lave:  m  th»t  test  was  r*let1vtiy  hlgn.  Also,  for  the  present  purposes,  H  M  unfortunate  that  tha  only 
data  reported  from  that  experiment  were  obtained  with  a  boundary. layer  trip,  although  »nm»  unpublished 
data  were  also  obtained  without  a  trip. 


Trt*  results  for  eC,  frc m  Group  1  are  plotted  versus  D«  In  fig.  1.  It  It  clear  that  the  rttultt 
shown  )n  this  figure  represent  a  Mjcr  l^rovtsmnt  over  the  Urge  scatter  (n  fig.  1.  A  food  fit  of  the 
lift-curve  slope  date  In  the  Halted  range  2  .  10*  «  Re  *  2  ■  107  i»  given  by 

eC.  •  0.102$  ♦  0.0040$  iog(Ae/10®)  par  degree  (1) 

with  an  rat  standard  error  of  0.00024  and  a  ailaa  arror  of  0.0029  for  the  X  points  shown. 

Slailerly,  the  results  for  Cd  ire  plotted  In  Fig.  4.  The  aaanlng  of  the  various  groups  is 
evplalned  below.  The  drag  data  from  Croup  1  without  a  boundary- layer  trip,  i.e.  the  open  circlet,  can  ba 
eppros lasted  well  by 

Cd  •  0.0044  *  0.019  9e*°*,S  (2) 

w0 

with  an  rat  standard  error  of  0.0000$  and  a  sedate  arror  Of  0.0007  for  the  M  points  froe  Croup  1.  The 
data  wish  a  boundary  layer  trip  show  a  greater  senHttvtty  to  fteynoids  nsaber,  |n  accord  with  the  approx 
leate  variation  of  fully  turbulent  shin  friction  with  Reynolds  nwber  (31,  a  good  fit  to  the  Croup  t 
t'ipped  data  is  given  by 

Cd  •  0.0017  ♦  0.91/(tog  So ) 2 * *•  (1) 

where  the  constant  0.0017  was  chosen  to  optlalie  the  curve  fit  shown  in  fig.  4. 

for  reference,  it  is  astlauted  that  the  Individual  values  of  eC.  and  Cd  can  be  deteratned  or 
calculated  froa  the  Individual  Group  1  data  points  tu  an  overall  precision  of  about  t0.000$  and  10.0002, 
respectively.  It  say  be  aentloned  that  Aef.  4  lists  the  desired  accuracy  of  Cfl  froa  wind  tunnels  as 
0.000$  for  the  assetsaent  of  configuration  changes  and  0.0001  for  the  validation  of  CfO  cooes. 

The  tnforaetion  in  (qns.  1-1  can  now  be  used  to  assets  the  accuracy  of  the  data  froa  the  roaelntng 
sources  and  to  group  tne  data  into  separata  categories.  After  auch  deliberation,  it  was  decided  to  define 
Group  2  at  comprising  tnota  data  which  generally  agree  with  both  the  lift  and  drag  critana  upraised  in 
cons.  1-1,  to  within  10.0040  for  sC,  and  to  within  tO.OOlO  for  Cd  .  These  eaporlaents  are  listed  In 
fable  2.  foreaost  in  mis  group  Is  tRe  eiperlaant  of  C.  0.  Harris  lrf.  Although  this  eiperiaent  was 
cartful ly  conducted  end  offered  the  advantage  of  a  lerga  aspect  ratio,  llft-tntarforonco  corrections  on 
tni  r  ie r  of  l$<  ere  reoutred  for  the  angles  of  meet.  These  were  a  major  concern  initially,  but  in  the 
svb.wguent  di.duttiont  and  figures  it  will  become  evident  that  theta  results  tr»  compirsbli  in  iccuracy  to 
mote  of  Group  1. 


A  Abbott  k  vonDoanhoff,  LIFT,  do  trip 
td  O  CMMoa,  at  al,  UTPT;  no  trip 
□  Ladaoa  L*PT,  no  trip 
V  flrefory  k  O'KalUy,  NFL  13'r®';  no  trip 
9  Gree niiNewmaa  LaRC  0.3m  adaptive  wall;  trip 
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httf.  4.  ftrog  eoifftci ent  ol  nro  lift  v».  Reynold*  number. 


Sov  or  a  1  Xv.  -ces  provide  dtt*  that  egree  well  with  the  Group  1  results  for  either  gc,  or  Cd  ,  put 
not  for  both.  In  some  C«««t,  only  on*  of  thett  key  quentltles  wt»  measured.  these  gre  classified  tt 
Croup  3  i nd  ere  listed  in  T*oie  3,  An  exeeple  of  tuts  group  is  the  essentleliy  interference-free  experi¬ 
ment  of  Vide)  et  el.  161,  which  provides  good  lift  dele,  but  which  used  *  lerge  trip  th«t  evidently  pro¬ 
duced  excess  dreg. 

t  few  sources  provided  dite  thii  generilly  sttlsfy  the  besic  lift  end/or  dreg  cnterls  outlined 
*»ove,  but  for  «Mch  other  major  problem  hevt  been  identified.  In  addition,  e  significant  nutter  of 
tests  fell  to  satisfy  yither  of  these  two  criteria,  but  they  do  cover  ranges  of  Mach  nutter  where  even 
qualitative  information  Is  helpful.  These  sources  ere  referred  to  as  Croup  4  end  are  briefly  summ^riyed  in 
Table  4.  Finally,  still  Other  sources  were  examined  that  felled  to  satisfy  the  criteria,  and  which  did 
not  appear  to  effgr  any  significant  additional  Information  relevant  to  the  present  Investtguion.  for 
information  purposes  these  are  listed  in  Table  5,  but  their  results  are  not  used  in  this  piper. 


111.  fCSuiTJ  AhO  DISCUSSION 

In  this  section,  the  results  from  Sri.  ps  1-4  and  from  the  other  sources  alluded  to  Section  II. A  are 
used  collectively  to  establish  the  prime',  charactaristics  of  the  MCA  00 U  airfoil  ov«r  a  wide  range  of 
each  number,  Reynolds  nutter,  and  angle  of  attack. 


figure  6  Shows  the  data  from  Groups  1-3  for  #C,  as  a  function  of  Reynolds  nutter,  for  H  <  0.55. 
Herns'  results  151,  at  Re  •  3  end  9  •  >0®,  ere  htgRlighted  by  solid  symbols,  and  this  convention  will 
be  followed  in  most  of  the  remaining  figures.  The  scatter  in  the  Croup  2  date  <s  slightly  greater  then 
that  of  it'  Croup  1  results,  but  the  quantitative  behavior  of  *C,  teens  to  be  established  now  over  the 
rengt  of  most  wine-tunnel  tests  for  eeroneutlcel  purposes. 


The  complex  trentonlc  behavior  of  C,  Is  llluttreted  in  Fig.  6,  where  the  relevant  Croup  3  data 
have  b«an  added.  This  figure  clearly  represents  l  aejor  Improvement  over  fig.  2.  for  these  conditions, 
the  good  egreement  between  Merrit'  results  1 3 1  end  those  of  Green  end  hewman  I  7 1  constitute  further  vali¬ 
dation  of  ;r,s  fjrsmr.  The  Isrgett  d1tc*e?!nc(ei  t *«at  "CC"'1  «n*  th«  nxtx  f,..«  vldel  at  al.  161 

below  n  t  0.8,  which  teems  to  be  mostly  e  Reyno'ds-nutter  effect,  and  Sawyer  (81,  who  reported  Urge 
values  it  h  •  0.8.  It  is  unc leer  whether  intt  is  due  tu  side-well  interference,  or  something  else.  But 
in  «i!  ceset,  me  peek  'n  Ct  occurs  »t  m  •  0,80  tO.Ol. 
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The  data  in  fig.  6  Indicate  rapid  variations  with  Mach  number  In  the  narrow  range  0.8  «  M  <  0.9. 
Unfortunately,  the  Group  2  and  3  data  are  very  sparse  In  this  region,  end  are  nonexistent  above  M  •  0.95. 

Therefore,  an  attempt  was  made  to  extract  selected  additional  Information  from  the  Group  4  data  and  from 

other  sources,  as  discussed  above.  Three  points  are  relevant  here.  First,  In  the  transonic  portion  of 

fig.  2,  the  results  of  Scheltei  l  Wagner  |9I  can  oe  argued  to  be  the  most  reliable  of  the  Group  4  measure¬ 

ments,  because  stde-wa'l  suction  was  used  and  because  their  results  are  more  nearly  consistent  with  the 
Group  2  and  3  data  where  there  Is  scam  overlap.  Second,  all  of  the  supersonic  data  points  of  Group  4  are 

in  rtiVt*  AflPAMMnt  with  o*'*  *  fvl  th»  c1ai1«ritv  ffirralaHnn  ntv»n  hrnlny  yhirh  Brvrp»n»  nth«#r 

syimaetrlcal  alrfni's  (10,111. 
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It  Molt  M  rioted  that  this  staple  relation  Is  only  valid  in  the  low  supersonic  ring *,  0.1  <  H  <  1,  where 
R  •  (n?  -  1)|(,  ♦  D^t/cl*173.  and  although  it  is  based  on  transonic  slallarity,  the  thickness  correla¬ 
tion  breaks  down  for  M  ‘  1  I 10 1 . 

A  third  Important  aspect  of  Figs.  2  and  6  is  the  behavior  around  M  -  0.9.  There  is  a  wide  variation 
In  the  minimum  value  of  Ct  and  In  the  Mach  nuaber  at  which  this  occurs;  and  Refs.  9  and  12  of  Group  4, 
and  Ref.  13  of  Group  $  reported  negative  values  of  Ct  .  This  phenomenon  was  Investigated  briefly  in 
Ref.  14,  wherein  Nav ier-Stokes  calculations  at  a  »  O.Ss  and  a  •  0.5"  produced  a  marginal ly-stable  solu¬ 
tion  with  C  •  0.  These  calculations  were  repeated  recently  with  a  tiae-accurate  code,  and  this  tiae 
they  produced  an  unsteady  solution  with  periodic  oscillations  with  an  amplitude  of  aCt  •  0.1  around  a 
aean  value  of  approximately  aero.  This  behavior  appears  to  be  qualitatively  the  same  as  the  transonic 
self-lnducrd  oscillations  reported  on  a  biconvex  airfoil  by  Levy  |1S|  and  in  several  subsequent  investiga¬ 
tions.  On  the  other  hand,  only  'steady*  results  have  been  reported  in  the  KACA  001?  experiments,  and  this 
unsteady  behavior  may  have  been  overlooked.  Furthermore,  it  is  not  known  what  effect  the  wind-tunnel 
walls  My  have.  Considering  these  factors,  it  is  the  author's  subjective  opinion  that  the  correct 
behavior  for  the  aean  value  of  C(  Is  a  ml  Mmi  value  soaewhere  between  0  and  -0.3S,  occurring  at 
M  >  0.88  SO. 02.  This  area  needs  further  Investigation. 

figure  7  shows  the  collective,  ‘filtered*  information  described  above  in  the  Mach  nuaber  range  from 
0.6  to  1.2.  Including  the  author's  JudgeMnt  of  the  upper  and  lower  bounds  of  the  correct  transonic  lift 
characteristics  of  the  NACA  0012  airfoil  at  aoderete  Reynolds  lumbers  and  small  angles  of  attack.  In  sum¬ 
mary,  the  most  important  points  are  the  following; 

1.  In  the  subsonic  range  M  «  0.4  C,  Is  given  by  Cqn.  1  to  within  t2t. 

'a 

2.  The  ftftxlaiM  value  of  Ct  Is  0.21  t5*  and  It  occurs  at  H  •  0.60  tO.Ol. 

a 

3.  The  minimum  value  of  Ct  Is  -0.025  tO.025  and  it  occurs  at  H  *  0.88  t0.02. 

9 

4.  A  secondary  maximum  In  Ct  occurs  near  M  •  1,  with  a  value  of  0.09  *101. 

o 

6.  In  the  low  supersonic  range  1.05  <  h  <  1.2,  C,  Is  given  by  Eqn.  4  to  within  slOl. 

These  estimates  represent  tne  Miiaua  precision  that  can  be  extracted  from  the  existing  information,  and 
they  represent  what  is  probably  the  best  absolute  accuracy  to  which  interference-free  lift  can  be  measured 
or.  airfoils  In  wind  tunnels  today  for  an  arbitrary  angle  of  attack. 

8.  winiiajm  Qrag,  C„ 

V 

The  baseline  Information  for  this  fundaaenltl  quantity  in  subsonic  flow  was  discussed  earlier  In 
connect i oi.  wttn  Fig.  4.  Although  the  data  from  Groups  1  and  2  art  self -consistent,  the  scatter  in  the 
results  from  Groups  3  and  4  (not  shown),  owing  to  free-Stream  turbulence,  surface  roughness  tnd/or  bound¬ 
ary  layer  trips,  wall  Interference,  and  measurement  errors,  would  almost  totally  mask  the  variation  of 
dreg  with  Reynolds  number,  numerical  results  compiled  by  Moist  1161  In  his  recent  validation  exercise  for 
transonic  viscous  airfoil  analyses,  suggest  that  fully-twrbulent  Cfl  lies  between  the  values  given  py 
Fqns.  2  and  3,  but  this  hjs  not  been  validated  adequately.  0 

Another  Interesting  situation  Is  the  transonic  drag  rise.  Fig.  8,  for  which  only  a  limited  number  of 
nigh-qualHy  sources  are  available.  Mere  the  scatter  Is  excessive,  but  below  M  .  0.7,  each  individual 
data  set  seems  to  be  essentially  independent  of  Mach  number.  This  suggests  subtracting  out  an  average  of 
the  subsonic  values  for  any  given  data  set.  as  follows: 

4Cd  *  C  (M)  .  Cd  (M)  (5) 

0  0  0 

where  C  is  the  average  of  the  measurements  for  M  <  0.7. 

°a 

The  results  of  applying  this  procedure  are  shown  in  fig.  9,  whten  is  an  obvious  improvement  over 
Fig.  8.  ReMrkably,  even  the  Group  3  data  are  in  good  agreement  for  aCd  .  The  drag-divergent  Mach  number 
can  now  be  estimated  at  Mdd  ■  0.77  *0.01,  with  a  small  amount  of  drag  creep  for  M  >  0.72. 

The  behavior  at  higher  transonic  Mach  numbers  Is  much  more  difficult  to  establish.  All  of  the  data 
from  Groups  1-4  are  plotted  in  fig.  10,  along  with  estimates  based  on  transonic  similarity  correlations  of 
data  from  many  other  symmetrical  airfoils  110,11.14,17-201.  These  latter  sources  indicate  mat  airfoil 
behavior  in  the  low  superonlc  region  is  given  by 

Cd  ■  Cd  *  a(t/c)4/3|(,  ♦  1)mV1/3  (6) 

O  0 

where  a  is  a  “constant"  that  varies  from  source  to  source,  but  which  Is  bounded  by  about  4.0  and  $.6  . 
The  dashed  line  In  Mg.  10  Is  for  a  •  4.8. 

Data  tram  Groups  1-4  do  not  eiter.d  oeyorxl  A  •  O.Vi.  oet^en  M  ■  0.8  and  0.9,  where  H  rising 

rapidly,  there  is  a  large  amount  of  scatter,  and  the  uncertainty  in  the  aieasurewents  is  virtually  impossi¬ 
ble  to  assess.  The  solid  lines  represent  the  author's  subjective  judgement  of  the  probab'e  uppei’  and 
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Fig.  7. 

Lift-curve  elope  va.  Mach  number,  including  animated  upper  and  lower  boundi 
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F:g.  8.  Minimum  drag  v a.  Mach  number,  2  .  10°  <  Re  <  4  •  10  . 


lower  boundi  of  the  correct  tfeniunlr.  d,  a  j  character  1  s  1 1  c»  for  this  airfoil,  in  brief,  the  Mil  Inportant 
points  concerning  aunleum  drag  raay  be  luemar  lyed  ai  follow!: 

1.  The  subsonic  behavior  wlthou^  a  boundary  layer  trip  1$  given  b>  fgr.,  ?  to  within  about  10.0003  In 
the  range  10°  '  f*e  '  3  •  10'  . 
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2.  The  subsonic  behavior  with  4  fully-developed  turbulent  boundary  layer  over  the  er  ire  airfoil  Is 
g  1  yen  appro  laa  te  ly  by  £qn.  3.  The  uncertainty  is  difficult  to  estlaate  fro*  the  available  data, 
but  the  value  *0.000$  H  proposed. 

3.  The  drag-divergence  Mach  nutter  Is  between  0.76  and  0.78.  Above  Cd  rises  rapidly  to  a 

aailw*  value  of  0.11  tl0X,  which  occurs  between  M  •  0.92  and  0.98.  0 

4.  In  the  low  supersonic  range  1.05  *  H  <1,2.  Cd  Is  given  by  tqn.  6  to  within  ilOX.  In  this 

regime,  both  and  C,  vary  as  M*z'  .  0 
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F rg.  9.  Incremantol  drop  vj.  Mach  numbtr:  Croups  1-3. 


®  Croup  1.  trip 
Cl  Croup  2  no  trip 
ffi  Croup  2,  trip 
O  Croup  3.  no  trip 
♦  Croup  3.  trip 
A  Croup  4.  no  tnp 
y*  Croup  4.  trip 
- Cd=0  01  +  0  105  M 
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F,g.  10.  Minim um  drog  vs.  -Mach  number-,  oil  data,  including  estimated  upper  and  lover  bounds. 
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This  quantity  has  important  practical  consequences  for  both  fixed-wing  aircraft  ary!  rotorcraft,  ar«3 
it  alio  represents  a  rather  different  and  sensitive  check  or  wind-tunnel  accuracy  and  fit*,  quality.  On 
the  one  hand.  It  caapounds  the  uncertainty  In  both  lift  and  drag,  but  dots  so  under  test  conditions  that 
are  less  severe  thin  C,  ,  for  example.  On  the  other  hand,  errors  In  angle  of  attack  or  uncertainties 

lB|X 

in  the  •-corrections  art  not  at  Issue  here.  Therefore,  some  experiments  in  which  C,  Is  suspect  aay 
still  provide  useful  Information  on  (I/O),,,.  0 

fieyno Ids- ryietrer  effects  on  (1/0),^,  can  be  Isolated  for  examination  if  the  Mach  number  Is  less  than 
about  o.S.  This  is  Illustrated  in  fig.  U,  which  shows  an  increase  in  U/D),*,  by  about  a  factor  of  two 
between  Re  ■  10®  and  10'.  In  Fig.  11,  the  Group  1  results  generally  show  the  highest  values  of  (WO),,,, 
consistent  with  the  overall  high  quality  of  these  investigations.  Several  of  the  Sroup  2  experiments 
extend  the  Reynolds  nuMer  isnge  to  lower  values  then  those  of  Group  1.  In  addition,  the  Group  3  results 
and  three  sets  of  data  from  Group  4  are  In  fair  agreement.  Unfortunately,  Harris  |5|  <*'u  not  provide  lift 
a,,d  drag  polars  for  gntrlpped  conditions,  but  It  Is  Interesting  to  note  that  his  rr-jlts  with  a  boundary- 
layer  trip  are  In  fair  agreement  with  the  other  data  shown.  This  was  not  the  case  for  any  other  tripped 
data. 


At  higher  Mach  numbers  the  verlations  In  with  Macn  and  Reynolds  number  ere  almost  Impossi¬ 

ble  to  separate  from  one  another.  As  a  coapromi se  between  the  limitations  of  so  few  Oate  available  at  a 
given  Reynolds  number  end  the  large  changes  in  (1/0),*,  with  Re.  Fig.  12  shows  the  available  results  f „r 
the  narrow  range  4  .  10°  <  Re  <  9  .  10®.  The  d4t»  from  Groups  3  end  4  are  of  interest  here,  because  they 
are  the  only  available  results  without  a  trip  that  extend  Into  the  transonic  regime.  However,  they  are 
suspicious  because  they  lie  significantly  below  the  tripped  data  of  Harris  )S|.  Additional  transonic  data 
would  be  particularly  valuable  to  clarify  the  quantitative  behavior  of  (L/D). 

3.  Maximum  Lift 

Conventional  wisdom  holds  that  three-dlmens lone!  separated  boundary- layer  effects  are  almost  impossi¬ 
ble  to  control  at  the  stall  conditions,  and  there  1$  some  question  as  to  whether  true  two-dimensional 
stall  exists,  ever  for  extremely  high  aspect  ratios.  Parenthetically,  the  accurate  prediction  of  C, 

WAX 

for  the  MFCA  0012  airfoil  also  remains  one  of  the  greatest  challenges  to  CFO.  Therefore,  this  quantity 
needs  to  be  established  experimentally. 
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F tgurc  11  thorn  the  virlltlon  of  C, 


vt  M  for  thi  ovillibll  dlt*  fron  Group*  1  ind  2.  It  Mich 


renter t  !«»  thir.  C.25.  *  iionotonlC  Inereise  In  oulouo  lift  «U h  Reynolds  Motor  1»  evident.  Thin 

oirtlculir  results  oro  surprisingly  consistent,  where!*  the  voluos  froo  Groups  1  ind  I  (not  shown)  «<r« 
found  to  be  slgnlf  Icmtly  lower,  in  gtntrll.  Also,  It  should  bt  oontlonod  thot  tho  doto  shown  it 
»e  <  1C6  ir«  soot whit  hlghor  thin  the  vllue*  ofton  quoted  (i.g..  Ref.  3).  bisod  on  older  sources. 
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(J«t  l  tram  17  I<N'IM"U  It  *  •  O.K  in  a  •  •  0  I'l  plnttPd  In  fly,  It,  ahpt#  I.  It  rfoflnod  It 
in#  ipr'0»l«lt#  oldeolnt  O'  IH|  prpttur*  fit!  Itrott  lh#  IHACt  ■«*#.  In  t*»»t  fl|ur#,  ml  pft#n  dliaunri 
t/nto't  ropr#t#nt  dltl  oPtllnnrl  It  tuf  f  l(  Uni  ly  I#rf«  itp#(t  rlt  *01  tH|I  I'd#  apll  lOundpry  I  I/O  r  |ff|(lt 
mould  ti  alAlMl,  pud  U'O  td'ld  dllMnd  It  I  dltl  point  Corrinloit  b /  M.  0.  I#»|H  In  •  prliili  ipaounl'.i 
III'1  utlng  Alt  tMorit'cll  |n|l/|l|  of  ttdl-«|H  |f'#(tl  I/ll,  (lh|  prlndpil  ifficl  *t  to  irirroiti  In# 
«ff#;iivi  Mien  nviMr  by  ibout  0,01).  Tf»  tnui'it  donoto  ti**rl*tntt  In  nAich  tn*  t  itfo-m  1 1  Poundify 
ll/tr  Ml  lltnir  roaoyld  or  Itt  OfflCt  COrnctod  for.  tAI  (In; lot  roprotint  Ihp  rpoilnlng  luw'COt,  tar 
-men  no  o#r|  lew  l|r  ittontlon  ippomod  to  00  {Iron  to  ItdO-wtll  fffictt. 

In#  grouping  of  tAo  dltl  In  fig.  it  It  Intplrod  by  rocont  niMrlr.il  inplytot  Ilf, Ml,  «hlr.h  thoaad 
tho  tindmcy  of  throo-dlfvnt l on#  1  vltcout  offoett  on  ilrfsll#  In  alnd  turwiplt  to  *o»l  in#  tnoi.t  al«*  for  • 
it'd  <jt  Itt  lat-dlaont'onol  pOlltlO".  /Alt  0>pl|n|tlon  It  tp*pt  Ini)  for  ton*  pi  in#  dltl  aim  ynr  Oltunlli  ly 
t*|ll  *Pl«lt  Of  x,,  Out  dill  fro*  tl  a  I  r  1 1  ptnpr  tourcil  aUhout  fldl-alll  tr#4l«#nl  ippppr  'noriMl,* 
AlHhO'  doit  thori  till  to  bo  iny  lyttMItlC  OffKt  Of  OtAor  fictort,  lul  A  It  POyndlry.  Ilypr  trip!  or  th| 
mount  bf  tunnil  (lot  or  pirforitton  oponnotl.  Although  mo  Oljnrlly  of  tho  ritultt  Ilia  In  ll#  holxir 
»4  •  0.44  md  0.48,  th#  Ovtrill  tcittir  It  dlttvrlilng,  |nd  tho  ictull  niton  for  II  rooi'Ml  1  Oyttl'y. 
Th|r(tor|,  th  1 1  It  yot  inothir  im  whin  thl  t|y  nipnrlmnr.il  Inf  nr  ml  Ion  ll.it  .o.|>.l  r.a  ,#lu4lrlo  fp>  CfO 
rodl  v|  1  loot  Ion  It  noi  tit  I tf If.tor  y . 
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. X*  m  0.46  t  0.02 

S  Harris,  no  trip 
Harris;  with  trip 
♦  Harrla  oomctod  by  Srwall 

S  Vidal.  AR  -  *  trip 

THObrtoln,  AR  -  6;  no  trip 
<3>  Wan 4,  AR  -  3  -  6;  no  trip 
0  MoDorltt  1 1  Okuno,  rida  wall  ruction:  do  trip 
0  Low*,  •  Ido— wall  ruction,  no  trip 
0  Ohioan,  *14*— wall  ruction,  no  trip 
0  8* wall.  6x28,  oorTwoUd  (or  aw.bJ.:  trip 
0  Sow  all,  6x19,  oorraotod  (or  aw.bJ.;  trip 
S  Uiak.  Mild  walla,  A1N1.T.  no  trip 
0  Sawyar.  olotiod  walla.  AJb>16;  with  k  w/b  trip 
0  Thkarhlma.  Sowada  alottod  walla  AJM.2;  no  trip 
0  HoonanJtRlnftiam,  alottod  walla  AJW;  no  trip 
0  Thibort.  poroua  walla  AJM.7;  no  trip 
©  Loo  k  Oroforak,  poroua  walla,  AlWl;  no  trip 
0  Kra/t,  adaptive  poroua  walla  Alt-2,  no  trip 

fflr*|ory  k  Wllby,  alottod  walla  Aft-l.4;  trip 
Noviar  Stoker  oaloulationa,  fully  turbulent 


Lta  ft# 


hf-  It.  Ifwrlewin  puilim  vl  X  mimttt  *1  *»  •  tf.M  mV  „  »  0,  #11  In*, 


lv.  imu  t«o  CorCiy»IO«t 

••t*Hl  it worn  mm  *0  i«o-4iamt<mi  rim-lvm'  ni»ri*mtt  »iu  own  crttici’iji  *a*a*n*i  mu 
MUriH,'  iia'r.  tn  tuiim  m  tn  taut  af  data  •»  wnttwiwii  <n  tn  lotnr  t  «(#■,  h  h 

’*  ni  niiii;  warmt  nun  mi  imii  fiiulti  if*  etna,  it  it  (Un.  nnrir,  tM»  mi  rwvirnmtt 

•lit  'I*.  |v«tH;  m#  4|l|  trtgrn,  til  r*rm  in  «j**0  mi#m  ]••  ill  in  Ifincwaii  in  1 1  rf «i  i 

till  ln|, 

,h*  r«*w 1 1»  rf  inn  'nvttutiKm  iitn  tvtwii  •  rat  n  u qajj  »»t»itn(  tiH'itom  »»  «n*v,»n  ntnr 
Hflnlnf  (hr  CWt’ttt  Wreirno't  »nn(l*ri|lin  rf  tn  »«*»!(  |lrf»tl,  i  r  ftr  vl  I  tort  <  ng  (f0 
(Wit, 

MtiMWiiit,  tn  iwri|iti  «r  1*1 1 to* •  *  nti  tt  nifwir  «••»«» .  *  trtiiMiu  icimm#  #rmti 
mi  bw»  win  u  nil  *«/in  in  *i > at t*o  emit  «f  in  va** iawa  km'Iomu  in  tr  fitiir  cintumkii 
wirfv*,  a*inl  i  lit  in  inffranim  •  ram  in  imfutlm,  Cirri  limn  » i  **;  nnrriiM  *i|n  kith  in 
••/nil##  nukkir  n«l  I  III  nrrrwi  in  wnciMUMr  In  m  I'rftl  iim  tin  Wiri(|#rltl  lit  ti  iccifUkll 
ii*i || •  in  in  Jwikitut  ni  if  n>f*n  mm  in  nairiwi  iiHwiittmi  wrwttt  iitrwtiititnt  n  w 
•II*  inti  ri|iaw  *ti|r|  nr#  irlNMI  It  til'll,  flit  ((Mini  Infimt  lift  t#r«|t  turn  IkW'Imt  f*m  - 
tun.  r i rat,  u  nu*i  tnw t* toua t  hh'immi  n  n  '.rMiivw  »im  aon  cinfiwnci  m n  nmifirn 
t»r«n,  l|  1 1  low!  tn  r.aoolll#  »»'.*  OOir  lliffll  <fi|r|it|r  ttt  If  l  II  M  IttlrilW  air#  trioill),  trlr#, 
in*  t„ntntl|ll  ritultt  kriiintld  In  tn  f  Ifurit  ml  WvlUmt  iin  tt  u|W  tl  IttlliHlh  tn  tr#|lkllltr  *> 
l  r>0 1  *  I  Owl  I  |  lrf|l  I  fuUltllt, 

0*  !kf  n*1*  *'  *•  *r>J  Ih*  «a**r Inn  if  llirrli  III.  itwlin  k,  Halit  till  tn 

nit  r#r#ni  «|1<|#tt|n  #a|rrl»»  for  aitcnvt  Irimonl'  |trr#li  mil; tat,  mrfla  it  in#  ntt  tltl|f#>tir; 


•f|t,/l|t  l«n»  t  h#  fill  4  pflltfhllfl  lr>  inM  pip*'  *^*  4v|i,*!»t#  tn&  *‘Mi**J^  upofi  i'  Miff  f#»jnit 
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single  Investigation  of  Che  conventional  NACA  airfoils  to  date.  Harris'  rsnge  of  flow  conditions  It  not 
nearly  at  complete  at  desired,  and  the  accuracy  of  the  data  wet  not  evident  a  priori .  as  '  If t- Interference 
corrections  on  the  order  of  1S1  acre  proposed  for  the  angles  of  attack.  However,  the  present  study  Indi¬ 
cates  that  Harris'  estimates  of  this  phenomenon  are,  in  fact,  adequate,  at  least  for  low  angles  of  attack, 
and  that  nost  other  major  sources  of  errors  wee  minimized.  On  the  other  hand,  the  author  is  persuaded  by 
the  arguments  of  Mr.  u.  G.  Sewell  121)  that  soae  side-wall  boundary- layer  Interference  eitsted.  therefore. 
It  Is  strongly  recommended  that  this  be  corrected  for  before  using  Harris'  data  for  CFO  code  validation. 

At  discussed  In  Section  III,  the  values  of  lift-curve  slope  and  alnlaua  drag  In  subsonic  flow  can  now 
be  established  with  high  confidence  In  the  Reynolds  ruaber  range  10®  <  Re  <  3  .  10.  The  behavior  of 
these  key  quantities  can  also  be  estimated  throughout  the  transonic  reglae  a. id  up  to  low  supersonic  Mach 
numbers,  but  with  rapidly-deteriorating  confidence  above  M  •  0.8.  The  Issue  of  self-induced  oscillations 
and  the  possibility  of  negative  values  of  Ct  In  the  range  0.8S  <  M  <  0,90  need  further 
investiget ion.  A  better  definition  of  the  behavior  at  and  above  H  •  1  would  be  useful  for  CFO  code 
validation. 

The  variations  of  C.  with  M  and  Re  can  now  be  specified  with  a  Moderate  degree  of  confidence, 
*aa» 

and  tne  data  from  most  of  tne  available  sources  are  surprisingly  consistent  above  H  •  o.a.  Tms  conclu¬ 
sion  appears  to  contradict  folklore,  conventional  wisdom,  and  recent  nimierlcel  studies  of  wall 
interference. 

On  the  other  hend,  the  behavior  of  the  mailtoe  llft-to-drag  ratio  and  shock-wave  position  is  not 
nearly  as  well  defined,  and  both  these  quantities  appeer  to  be  particularly  sensitive  to  wlno-tunnel  wall 
effects  and  turbulence.  Therefore,  additional  studies  under  cereful ly-control led  conditions  are  strongly 
recommended.  It  Is  also  suggested  that  both  of  these  quantities  would  be  especially  important  criteria 
for  CFO  code  validation,  if  they  could  be  reMebly  established  by  wen -documented  enperlments. 

Finally,  tne  results  of  this  Investigation  Indicate  that  measurements,  corrections,  end/or  treatments 
for  an  four  walls  cf  the  test  section  are  essential  for  any  reasonably-sized  model  under  transonic  flow 
conditions.  Although  results  from  some  facilities  apoeered  tc  suffer  acre  than  others  from  wall- 
interference  effects,  no  facility  that  failed  to  address  the  potential  problems  on  ell  four  walls  provided 
data  that  could  be  Judged  entirely  setlsfaetory. 
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SOtlftCC  AACH  ft*  (104)  TRIP  ?  TUN DC l  CHAR, 

renge  renge  Xt 

1.  Abbott  Rt  at.;  0.07-0. IS  0.7-26  ytt  6  no  solid  wells 

•Std.  ft*  Aft  •  0.7S-6 
L eng  ley  LTPT  h/C»  1.4-14 


dfttA  evsilsbJt:  C|i  C^t  C^v  (L/P)«|, , 

2.  L M ton;  0.07-0. 36  0.7-10  ytt  6  no  tolld  wells 

lenglpy  LtPf  Aft  •  l.S 

Xt*O.OS  h/e  •  3.6 

dill  evellsble:  C|.  Cg.  .  (l/0)g£j.  Cj^ 

3.  Gregory  tnd  0.06-0.16  1.4-3  ytt  6  no  solid  Mill 

O'ftAllly;  Aft  •  3.6 

nPi  13'*4‘  verylng  h/e  •  S.2 


ltneer  well  correct  tons; 
v«ry  low  turbulence; 
excessively  thick  trip; 
potllbl*  nlnor  t(d«-wtll 
boundtry-loyor  offpett 


1  Inter  will  corrections; 
very  low  turb.  At  low  M; 
possible  ainor  tide-well 
boundery-leyer  effects 


1  inter  well  corrections; 
with  t  w/o  si at. wet  I 
boundtry-leytr  control 


dett  eve Heble:  C,.  Ca,  C„,  t.e.  Cpt  (L/0)Ml>  C, 


4.  Green  6  newton;  O.S  •  0.8 
Lengley  0. Jo  tCT 


It  •  0.0S 


edtptUe  wells 
Aft  •  7 

h/c  •  l 


four-well  corrections; 
•odtrett  turp.  level 


le.  I.  h.  Abbott  end  A.  t.  von  Ooenhoff:  theory  of  nine  lections.  1049. 
lb.  A.  C.  .u «  Ooenhoff  end  f.  T.  Abbott.  Jr.;  AACA  TX  1263.  1647. 

1C.  C.  C.  CrltXOS.  H.  H.  Ileyton.  end  ft.  U.  lo twinkle,  Jr. I  NACA  Th  3361,  194  4. 

2.  C.  1.  tedton:  «ASA-leng1ey,  privets  comnicetton. 

3.  ft.  Gregory  end  C.  L.  O'llelllyl  NPL  Aero  Report  1101  (ARC  31  719),  1970. 

4.  l.  t.  Green  end  P.  A.  Newaon:  AIAA  Peper  67.1431,  1997,  end  prlvete  cospun leeUont. 
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Table  3 


ry  of  Experiments  --  Croup  3 


iOORU  MACH 

Re  ( 106) 

TRIP  7 

tunnel  char. 

REMARKS 

range 

range 

xt 

11.  Bernard-Cutl It;  0.325 

3.5 

no<?) 

sol  id  wei is 

tide-well  suction,  cere- 

ONCRA  Rl.Ch 

AR  •  0.67 

ful  study  et  slde-wal i 

h/c  •  3.3 

effects 

data  av> liable:  Halted  C,.  CB, 

Cd 

12.  Sawyer;  0.3  -  0.85 

3  -  6 

yes  t  no 

slotted  wells 

o,  M,  end  curveture 

ARA  8"»18" 

AR  •  1.6 

corrections;  poss. 

Trans.  W.T. 

Xt.0.07 

h/c  *  3.6 

side-well  boundary 
layer  effects 

data  available:  C,,  Cp,  Cp, 

ax*  ^/^leax*  *s 

13.  Vidal  et  al.  0.4  -  0.95 

1 

yes 

porous  wal  is 

thick  transition  strips; 

CALSPAN  8' 

AR  .  8 

Slight  flow  angularity; 

xt*0.I 

h/c  *  16 

minimum  interference 

data  available:  Ct.  Ca,  Cd,  Cp, 

U/0)^,. 

Halted 

ci  •  xs 

14.  McOevltt  l  0.72  -  0.8 

2  -  12 

no 

sol  id  is 

contoured  walls,  wall 

Okuno; 

AR  •  2 

pressure  eeas.; 

Arts  Hi  Re  Channel 

h/c  •  3 

side-wall  suction; 
unsteaoy  measurements 

data  aval 'able:  C,  ,  C-.  *s  (low  a  only) 

u  * 

15.  Gunbert  A  C.7  -  0.8 

3  -  9 

yes  i  no 

slotted  walls 

a  corrected; 

Newman: 

AR  •  1.3 

side-wall  boundary- layer 

Langley  0.3<”  TlT 

Xt«0.05 

h/c  •  4 

correct  tons 

data  available:  C,  ,  Cd  (lo* 

j  wo 

u  only) 

16.  Tekashlma.  0.6  -  0.8 

4  -  39 

no 

slotted  walls 

wall  pressure-rail  meas.; 

Sawada  et  al . 

AR  -1.2-2 

poss.  side-wall  b,1. 

NAL  Transonic  W.T. 

h/c  •  4  -  6.7 

effect  on  shock  position; 

data  available:  C,,  Cd.  Cpt  ii 

(low  a  Only) 

17.  Sewall;  0.3  •  0.83 

4  -  9 

yes  6  no 

slotted  walls 

a  ann  side-wall 

Langley  6"  x  28" 

AR  •  1  -  2 

b.l.  corrections 

(revised) 

Xt*0.08 

h/c.  4. 7-9. 3 

data  available:  C,,  CB,  C^,  Ct  ,  *s 

18.  Lowe  0.63-0.82 

15-38 

no 

perfor.  walls 

22X  perforation,  side-wall 

General  uyn.  Hl-Re 

AR  •  i 

suction; 

20  Test  Sect.  HSWT 

h/c.  4 

uncertain  u  corr. 

data  available:  C,,  Ca,  Cp,  *s 

,9.  Jepson;  0.3  •  0.9 

2  -  6 

no 

sol  id  wal Is 

linear  wall  corrections; 

Ltyak;  Carta: 

AR.  1.7-5. 8 

multiple  entries;  various 

UTRC  8' 

h/c-4. 7-5.8 

models  and  end  plates 

data  available:  Ct,  CB,  Cp,  Cp 

,  ( ’-/^)«a x • 

c,  .  X 

'■a* 

s 

20.  wang  et  al .  0.7  -  0.9 

•3(7) 

yes 

perfor.  walls 

porosity  adjusted  for 

Chinese  Aero.  Inst. 

AR.  3. 2-6. 4 

win.  Interference 

Transonic  W.T. 

xt-0.06 

h'c*2.6-5.2 

data  available:  limited  C(.  C( 

r  xs 

References  for  Table  3: 

11.  R.  Bernard-Guelle:  12th  Applied  Aero 

i.  Coiloq. 

,  r.MSHA/CEAT  (NASA 

TT-F-17255).  1975;  also 

J.  P.  Chevallter:  ONERA  TR 

1981-117, 

1981. 

12.  Mr j .  J.  Sawyer:  Aircraft  Research  Associates  Model  lest  Mote  M102/9,  19/9. 

13.  R.  J.  Vidal.  P.  A.  Catlln,  and  0.  W.  Chadyk:  Calspan  Corporation  Report  Mo.  RK-5070-A-3,  1973. 

14.  J.  8.  McDevItt  and  A.F.  Okuno:  NASA  TP  248S,  1985. 

15.  C.  R.  Gumbert  ana  P.A.  Neuman:  AIAA  paper  Mo.  84-215;,  '.984. 

16a.  n.  Sawada .  S.  Sakak'bara,  M.  Satou,  and  m.  fartoa:  nAl  TR-829,  1984, 
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16b.  K.  Tikashieia:  ICAS  Paper  88.4.4.4,  1988. 

16c.  K ,  Takathlaa:  National  Aerospace  tab,  also  private  commjnicatlona,  1986  and  1987. 

17.  v.  G.  Sewell:  NASA  TM  81947,  1981,  also  private  co—unUet tons  1986,  1986,  and  1987. 

18.  W.  N.  Lows:  General  Oyneailcs  Report  HST-TR-7C -1,  1974. 

19a.  W.  0.  Jepson:  Sikorsky  Report  SfS-50977,  1977. 

19b.  A.  0.  St.  Hilaire,  tt  al:  NASA  CR-3098,  NASA  CR-14S350,  1979. 

19C.  H.  H.  Tanner:  NASA  CR- 114,  1964. 

19d.  A.  A.  Uiak:  Anay  Trans.  Ret.  tom.  Report  60-53,  1960. 

80.  S.  Wang ,  v.  Chen,  X.  Cul,  and  8.  lu:  presentation  to  Slno-U.S.  Joint  Symposium  on 
’Fundamental  experimental  Aerodynamics.'  NASA-ltngley,  1987. 

Tabla  4  •  Svmmury  of  experiments  —  Group  4 

SOURCE  MACH  Re  (10s)  TRIP  1 

range  range  Xt 

TUNNEL  CHAR. 

REHARKS 

81.  Sewell;  0.68  •  0.98  3  -  4  yet 

laAC  6"xl9" 

Xt*0.08 

data  available:  C„  ,  Cd  ,  x 

a  uO 

slotted  walls 
AR  •  1 

h/c  ■  3.8 

data  corrected  for  thick 
side-wall  boundary 
interference  but  not 
lift  Interference 

22.  Noonan  L  0.3S  -  1.0  1-10  yes  l  no 

Blngnan;  Lidson; 

UPC  6“«88*  Xt  •  0. 1 

data  available:  C„.  C„.  C„.  C„.  ( L/0 )mtK.  C^.  xt 

slotted  walls 
AR  •  1.0 
h/c  •  4.7 

a  corrected; 
side-wan  b.l.  effects  on 
Shock  pOSH'O'  and  C, 

max 

83.  0H«an,  et  al;  0.5  -  0.93  17-43  no 

NAE  5'  X  S' 
with  80  Insert 

data  available:  Cd^,  Cp,  xs  at  a  ■  0 

porous  wal is 

AR  •  1.3 
h/c  •  5 

80*  porosity; 
side-wall  suction; 
data  slightly  asymmetric; 
Nech  No.  corrected  herein 

84.  Thlbert.  et  al;  0.3  -  0.83  1.9-4  no 

CNCRA  $3.Ma 

data  available:  C,,  Cd,  Cp,  x$ 

porous  wal is 

AR  .  8.7 

h/c*  3.7 

Urge  w*ll  corrections,  but 
wall  press,  measured; 
thick  side-wall  b.l. 

85.  Scheme  l  0.36  -  1.6  3  -  10  no 

Wagner;  TUT  Munchen 

Jnlv.  3undeswehr 

data  available:  C,  .  C^.  <U0)W.  Cw 

slotted  wells 
AR  •  1.5 

h/c  ■  3.4 

suction  on  all  four  walls, 

variable  with  m  to 
match  other  facilities; 
Moderate  turb.  level 

86.  Jepson;  0.3  -  1.08  2-5  no 

NSdc:  7 ' x 10' 

data  available:  C|t  C„.  C„.  (UO).,,. 

slotted  wans 
AR  •  7.5 
h/c  ■  5.3 

large  lift  interference 

87.  tee.  et  al;  0.8  -  1.06  8-18  no 

Ohio  State  6"x?8" 

Trans.  Alrf.  Fadl. 

porous  walls 

AR  •  0.5  -  8 
h/c*  0.9-7. 1 

Independent  plenums  for 
top  and  bottom  walls 

data  available:  Ct.  C„.  Cd.  (L/0),,,,.  .  *»•  ’’"Hed  Cp 

28.  Prouty;  0.34-0.96  3  -7  r>o 

LAC  15-*43" 

data  available:  C,.  C„.  Cd.  (L/0)MX. 

slotted  walls 
AR  •  1.5 
h/c  •  4.6 

large  lift  interference: 
poss.  side-wall  boundary 
layer  effects; 
some  flow  asymmetry 

89.  Gregory  i 
Ml  Iby; 
npl  36*1 14* 


0.3-0.66  1. 7-3.8  yes 

Xt-0.08 


slotted  walls 

AS  -1.4 
h/c  ■  3.6 


probable  wall  effects 
on  al l  data 
fairly  larje  rou9hness 


data  available:  Ct.  CB.  Cd#  Cp#  (L/0)fl 


§ 

% 

t 

r- 

A 
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Concluded. 

30.  Kraft  t 
Parker; 

AECC  1-T 

data  available: 

0.8  -  0.9 

Cp*  *, 

2.2 

no 

adaptive  wal Is 

AR  ■  2 

h/t  •  2 

variable  porosity  and 
hole  angle; 

no  side-wall  treataent 

31.  Trlebsteln; 
0FVLR  la  TWT 

data  available: 

0.5  -  1.0 

V  cp 

1  - 

3  no 

porous  wal is 

AR  .  5 

h/c  •  5 

no  corrections  applied; 
unsteady  aeasurewnts 

32.  ladson; 

URC  6"k19* 

0.5  -  1.1 

1.5  - 

3  no 

slotted  wails 
AR  -  1.5 
h/c  •  4.8 

a  corrected  for  lift 
interference  but  not 
side-wall  boundary  layer 

data  available: 

Cn,  C„,  Cp,  surface  oil 

flow,  schlleren 

33.  tadson; 

LaRC  ATA  4-«19’ 

data  available: 

0.8  -  1.25 

Cn 

2.7 

no 

slotted  walls 
AR  •  1.0 
h/c  •  4.8 

no  corrections  applied 

References  for  Tapie  4: 


21.  w.  C.  Sewa'l:  AlAA  Journal,  voi  20,  No.  9,  pp  1253-1256,  1982;  also  private  coamunlcatlons 
1985,  1986.  and  1987. 

?2a.  K .  w.  Noonan  and  G.  J.  blnghaa:  NASA  T*  *-73990,  1977. 

226.  K.  U.  Noonan  and  G.  J.  Bingha»:  NASA  TP- 1 70 1 .  1980. 

23.  J.  TMbert.  u.  Grandjacques .  and  L.  0f«»an;  AGARD  AR-138.  Ref.  Al.  1979;  also  private 
corasjn  1  cat  1  on  froa  L.  OMaan ,  1987, 

24.  J.  Thlbert,  H.  Grand Jacques ,  and  l.  Olwan:  AGARO  AR-138,  Ref.  Al,  1979. 

25a.  h.  Scheme;  Inst,  fur  Luftfanrtteennlk  und  Lelchtbau,  Unlversltat  der  Bundeswenr  Hunchen 
lnstltutlbertcht  Nr.  87/2,  1987. 

25b.  S.  Wagner;  unlversltat  der  8undes«*hr  Munchen.  private  coanwnlcetlons.  1987. 

26.  u.  o.  Jepson:  Sikorsky  Report  SER-50977,  1977. 

27a.  J.  0.  tee.  G.  M.  Gregorek.  and  K.  0.  Korkan:  A1AA  Paper  No.  78-1118,  l^a. 

27b.  M.  J.  Berchak  and  G.  H.  Gregorek:  Ohio  State  University,  private  eowacnlcat Ions,  1987. 

28.  R.  Frouty:  'Aerodynamics,'  Rotor  i  wing  Internet  Iona  1 .  Aug.  1986,  pp.  17-22;  also  private 
comunlcatlont  1982,  1984,  and  1987. 

29.  N.  Gregory  and  P.  G.  Wllby:  ARC  CP-1261  (NPl  Aero  Report  017),  1973. 

30.  £ .  N.  Kraft  and  R.  L.  Parker,  Jr.:  AE0C  Reports  TR-79-51,  1979,  TR-60-83,  1981. 

31.  h.  Iriebstein:  J.  Aircraft,  voi.  23.  No.  3,  pp.  213-219,  1986. 

32.  C.  1.  Udson:  NASA  TO  0-7182.  1973. 

33.  C.  l .  tadson:  naCa  am  L57F05,  1957. 


Table  5  -  experiments  examined  but  not  used  --  Group  5 


30.  J.  Suck  and  A.  t.  von  Ooenhcff:  HACA  Report  492,  1934  (HASA-Langley  M‘  H5T ;  solid  >4 3 1  s ,  severe 
blockage  effects). 

35.  R.  Jones  and  0.  h.  Williams:  ARC  Ri*  1708.  1936  (RPC  Caressed  Air  Tunnel;  effects  of  surface 
roughness  and  Re  on  wings;  AR  -  6). 

J6.  £.  n.  Jacobs  and  A.  Sherman:  HACA  Report  S86,  1937,  and  Report  669,  1939  (MACA-langley  VOT;  AR  •  6; 
hlgn  turbulence  level!. 

37.  h.  J.  Goelt  and  H.  A.  Bull  Want:  HACA  Report  647,  1938  (HASA-tangley  30’*60‘  Full-Scale  WT;  AR  »  6; 
low  turbulence). 

38.  J.  V.  Becker:  HACA  Wartime  Report  1-682,  1940  (HASA-Langley  8‘  HSWT;  transition  and  skin-friction 
measurements  at  high  Re). 

39.  A.  i .  von  Ooenhoff:  HACA  wartime  Report  1-507,  1940  (NASA- La*  wy  lTT j  boundary-layer  and 
ntnlaja-drag  measurement s  vs  Re). 

ao.  f.  n.  fe'dman:  Techn.  Hochsc.  Zurich  Mlttellungen  aus  4m  Instltut  fur  Aerodynamlk,  Ho.  14,  1948 
(Ackeret’s  High-Speed  wind  Tunnel;  transonic  measurements  on  wings;  AR  •  3.3). 

•  I.  I.  K.  Loftm  and  H.  A,  Smith:  HACA  TH  1945,  1949  (HACA-langley  LTT;  low  lift  values,  not  symmetrical 
for  oositwe  and  negative  angles  of  attack). 

•V.  J.  Suck  and  W.  F.  Lindsey:  HACA  leport  922.  1949  (HASA-Langley  24*  MST;  solid  walls,  variable  AR) . 

J).  L.  K.  Lofttn:  maCA  TN-3241,  1954;  P.J.  Carpenter:  HACA  TH-4357,  1958;  C.L.  ladson:  NASA  TO  0-7182. 
197?  (NASA-Langley  LTPT  using  freon). 

44.  J.  Ponteiiere  and  R.  flernard-Guelle:  L'Aero.  et  l’Astro.  Vol.  32,  1971-8:  (0H£RA  Rl.Ch  before  sipe- 
»ai  i  studies). 

■ii.  A.  G.  Parker:  AlAA  Journal.  Vol.  12.  Ho.  12.  pp.  1771-1773.  1974  (Texas  AiM  7'xl0’;  large  airfoil, 
comparison  of  open  and  dosed  test  section). 

J6.  H.  Pollock  and  B.  0.  Fairlle:  ARL  Aero  Report  148,  1977,  and  Aero  Note  384,  1979  ARL  Variable- 

Pressure  WT  with  Slotted  and  solid  walls;  large  corrections,  but  pressures  measured  on  solid  -alls). 

47.  k.  W.  McAlister.  W.  J.  McCroskey,  and  L.  W.  Carr:  NASA  IP  1100,  1978  (NASA-Ames  7'xlO'  42;  large 
airfoil;  unsteady  measurements;  with  and  without  end  plates). 

48.  I.  W.  Spa'd.  J.  A.  Oahlin,  F.  U.  Roos,  and  L.  S.  Stivers:  Supplement  to  NASA  TM  81336.  1983;  L. 
Stivers.  NASA-Ws.  private  communications  (NASA-Ames  2'»2‘  TWT ;  large  lift  interference;  Incomplete 
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